Black arsenic (BAs) is a van der Waals layered material with a puckered honeycomb structure and has received increased interest due to its anisotropic properties and promising performance in devices. Here, crystalline structure, thickness-dependent dielectric responses, and ambient stability of BAs nanosheets are investigated using STEM imaging and spectroscopy. Atomic-resolution HAADF-STEM images directly visualize the three-dimensional structure and evaluates the degree of anisotropy. STEM-EELS is used to measure the dielectric response of BAs as a function of the number of layers. Finally, BAs degradation under different ambient environments is studied highlighting high sensitivity to moisture in the air.
Introduction
Study of two-dimensional (2D) materials has been one of the active fields in materials science in last decade, leading advances in many research areas ranging from synthesis and characterizations to discovery of new physical phenomena and applications. Among various 2D materials, elemental black phosphorus (BP) occupies a unique position with attractive properties such as strong inplane anisotropy, high carrier mobility, high-sensitivity of band structure to number of layers, and tunability of the bandgap spanning from near-to mid-infrared. [1] [2] [3] [4] Another recently discovered and promising elemental 2D material from pnictogen is black arsenic (BAs) that has comparable characteristics to BP.4-7 Earlier theoretical studies have predicted a highly anisotropic and tunable electronic structures for BAs.8, 9 Even at this early stage, BAs has already shown favorable properties and a potential to be one of the building block materials for advanced opto-electronic devices. 6 To better utilize this new 2D material and to maximize its performance, study of the fundamental physical and chemical properties, including its stability, is essential. For instance, poor stability of BP at ambient conditions gives a cautionary example for the importance of this topic. In case of BP, the ambient degradation includes formation of substance comprised of phosphorus oxides (PxOy) and condensed H2O and collapse of the layered atomic structure, which considerably restricts the practicality of using BP for opto-electronic devices. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Understanding and improving the ambient stability of BAs will determine its practical utility as well as limitations.
In this paper, a detailed analysis of structural and electronic properties of exfoliated BAs using analytical scanning transmission electron microscopy (STEM) is presented. Atomic-resolution high-angle annular dark-field (HAADF)-STEM images from different crystalline orientations were acquired and used to evaluate the degree of structural anisotropy of BAs. It is also shown that in case of few-layer-thick BAs, plan-view atomic-resolution HAADF-STEM images can be used to identify the exact number of layers in the nanosheet. In addition, electron energy-loss spectroscopy (EELS) was used to measure the features of the electronic structures of a BAs flake and changes in its dielectric response as a function of the number of layers. Finally, the stability of exfoliated BAs flakes has been examined under various ambient conditions, which allowed identification of the key degradation-enhancing parameters and suggested solutions for improving the long-term stability.
Results and discussion

Atomic structure and anisotropy
A plan-view HAADF-STEM image and energy dispersive X-ray (EDX) elemental maps of a BAs flake from a freshly prepared sample are shown in Figure 1 . Low-magnification HAADF-STEM images from exfoliated flakes, as presented in Figure 1a , show presence of regions with different thicknessesthe brighter the HAADF signal, the thicker the regionwith relatively sharp step edges between the regions. EDX elemental maps obtained from the flake confirm chemical composition of the flake as nearly-pure As without detectable impurities (impurity level in these flakes is less than 1 at.%, see supplementary information (SI), Figure S1 ). Cross-sectional HAADF-STEM images of a BAs flake in low-and high-magnification were also obtained ( Figure   1b ) showing overall quality of the flakes and van der Waals layered crystalline lattice in the [101] direction. It should be noted that some flakes have a planar defect composed of a-few-atom-thick Pb, which is likely formed during synthesis of BAs crystal (see SI Figure S2 ).38, 39 All other experiments and analysis, except for the one shown in SI Figure S2 , were performed using defectfree BAs flakes. which is based on the Multislice method.21 Good agreement between the two, as shown in Figure   1c , confirms the assignments of the imaging directions (major: [010] (①), [001] (②) and [100] (③); minor: [110] (④) and [101] (⑤)). The experimental HAADF-STEM images were then utilized to evaluate the degree of anisotropy of BAs compare it to BP with a similar atomic structure. The lattice constant ratios (c/a, b'/a and b'/c) were obtained from the images of the three major axes (and tested using other two images for self-consistency) and compared to values for BP found in literatures (see Table 1 ). The ratios calculated using the theoretical lattice constants are also listed in Table 1 for comparison. The results, which are consistent with theoretical predictions, show that these BAs flakes are structurally highly anisotropic, but with slightly lower (~ 5%) in-plane anisotropy compared to BP. Thickness determination of a few-layer-thick BAs.
The plan-view HAADF-STEM images can be used to precisely measure the thickness of atomically-thin 2D materials as the image contrast has a direct correlation with the number of atoms in a given atomic column. 24, 25 BAs has an AB stacking of layers where every other layer is half unit-cell shifted in the [100] direction from the layer before, as illustrated in Figure 2a . 14, 25 When viewed from the [010] direction, the lateral atomic position of the alternating layers, that are half unit-cell shifted in the [100] direction, can be seen. This configuration results in a distinct contrast in plan-view HAADF-STEM images for the odd and the even numbers of BAs layers.14, 25 For the odd numbered BAs layers, neighboring atomic column-pairs (dumbbells) along the planview direction contain a different number of atoms, resulting in dissimilar intensities in a HAADF-STEM image. The intensity difference between adjacent atomic dumbbells is sensitive to the thickness of a BAs nanosheet, when the number of layers is relatively small. On the other hand, in case of even numbers of layers, the number of atoms in every dumbbell is identical, resulting in the almost same HAADF intensity for neighboring atomic columns (with very minor differences due to beam channeling). 26 The strong layer-dependence of the lattice contrast in HAADF-STEM images, for odd numbers of layers, can be utilized to directly measure the number of layers in the nanosheet. One such analysis, based on HAADF intensity ratios, is presented in Figure 2b -d, where the ratios from experimental images are directly compared with those from simulations to determine the number of layers in the edge region of a thin flake. It should be noted that the thickness estimation using the HAADF intensity ratio method is practical only in thin BAs nanosheets with less than about 15 layers (or < 9 nm), since the ratio saturates at the higher thicknesses (for more examples, see SI, Figure S4 ). Core-loss EELS was also measured from BAs flakes, and the results are displayed in Figure 3b .
The As M4,5 edge with onset at 41.5 eV is from excitation of 3d3/2 and 3d5/2 core electrons to unoccupied p or f orbitals (selection rule: ∆l = ±1) above the Fermi level. 30 The edge exhibits combination of both "saw-tooth" and "delayed maximum" shapes indicating that the core electrons excite to the unfilled bound electronic states (4p orbitals) near the conduction band minimum as well as continuum states at the higher energies.30, 31 The As L2,3 edge with onset at 1323 eV exhibits a typical "delayed maximum" edge from excitation of 2p core electrons to 5s and 4d orbitals.
Distinct fine structures (labeled as c1, c2, c3) are visible on top of strong tails of L2,3 edges. The L1 edge with a characteristic "saw-tooth" shape is also identifiable at 1533 eV (labeled as c4). These features from measured core-level EELS are fingerprints of the electronic band structure for bulk BAs, as they are directly correlated with electronic density-of-states (DOS) above the Fermi level. 30, 32 To investigate the dielectric response of BAs as a function of the layer number in thin BAs flakes, additional low-loss EEL spectra were acquired from the areas with different numbers of layers. In It should be noted that due to long-range nature of the interactions for these low-energy electronic excitations,30 some intermixing between these spectra is expected. As the layer number decreases from > 50 to below 20, the intensity of the bulk plasmon peak drops and the fine features at lower The thickness change of the BAs flakes due to degradation was quantified using HAADF-STEM imaging. The average HAADF intensity of a region on the flake, indicated by green boxes in Figure   4a , was monitored with time and the results are presented in Figure 4b . As observed, the BAs flakes in humid air degrade over time, and it is with much faster rate than at ambient condition, while flakes kept in dry air exhibits negligible changes in the HAADF-STEM image intensity.
The changes in chemical composition of BAs flakes during degradation, in particular, oxygen content were measured using EDX, as shown in Figure 4c . These EDX data were acquired from regions with the same thickness in each specimen highlighted with orange boxes in low magnification HAADF-STEM images shown in Figure 4a . Humid-conditioned BAs flake shows a systematic rapid increase of oxygen percentage due to vanishing of As. In the case of a dry airconditioned BAs flake, the relative amount of oxygen also increases even though there is no Figure 5d ). For additional input, we also placed 60 days dry-conditioned BAs flake into humid conditions (as in previous experiments with fresh flakes) and studied its degradation. HAADF-STEM image of a remaining fragment is shown in Figure 5f , where again rapid etching with sharp edges can be seen similar to those observed for humid- in dry air will form thin oxide layer on the surfaces and will be more resistant to non-directional degradation. The results presented here provide a guide for better utilizing the electronic and dielectric properties of BAs nanosheets and for improving their ambient stability. They will also play essential roles in evaluation of a-few-layer-thick BAs' full potential for incorporation into optical and electronic devices. 
Methods
A. Sample preparation
